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Abstract: The transverse momentum spectra of J/ψ, ψ(2S), and Υ(nS, n = 1, 2, 3) produced in proton-proton
(p+p), proton-antiproton (p+p), proton-lead (p+Pb), gold-gold (Au+Au), and lead-lead (Pb+Pb) collisions over
a wide energy range are analyzed by the (two-component) Erlang distribution, the Hagedorn function (the inverse
power-law), and the Tsallis-Levy function. The initial temperature is obtained from the color string percolation
model due to the fit by the (two-component) Erlang distribution in the framework of multisource thermal model.
The excitation functions of some parameters such as the mean transverse momentum and initial temperature in-
crease from dozens of GeV to above 10 TeV. The mean transverse momentum and initial temperature decrease
(increase slightly or do not change obviously) with the increase of rapidity (centrality). Meanwhile, the mean
transverse momentum of Υ(nS, n = 1, 2, 3) is larger than that of J/ψ and ψ(2S), and the initial temperature for
Υ(nS, n = 1, 2, 3) emission is higher than that for J/ψ and ψ(2S) emission, which shows a mass-dependent behavior.
Keywords: Excitation function, mean transverse momentum, initial state temperature, (two-component) Er-
lang distribution
PACS: 12.40.Ee, 14.20.-c, 24.10.Pa, 25.75.Ag
1 Introduction
The excitation functions of some physical quantities
are significative to help us to understand the nuclear re-
action mechanism, and how the interacting system evo-
lution from the stage of initial state to that of kinetic
freeze-out. For instance, the mean transverse momen-
tum (mean pT , i.e. 〈pT 〉) represents the kinetic state
of particles. The initial temperature (Ti) [1, 2, 3, 4, 5]
shows the violent degree of collisions or the excitation
degree of emission source. By the analysis of the excita-
tion functions of 〈pT 〉 and Ti, we can learn more about
the process of high energy collisions. In high energy col-
lisions, the excitation functions of some parameters such
as 〈pT 〉 and Ti can be obtained from the pT spectra of
produced particles.
In a data-driven reanalysis, to obtain 〈pT 〉 and Ti, at
the first place, we need the pT spectra of particles in ex-
periments. At the second place, we should choose appro-
priate functions such as the Erlang distribution [6, 7, 8],
the Hagedorn function or the inverse power-law [9, 10],
the Tsallis-Levy function [11, 12], and others. At the
last place, we use the chosen functions to fit the experi-
ential data on particles. By describing the pT spectra,
the parameters from the selected functions can be ex-
tracted. By comparing the parameters obtained from
the experiential data at different energies, centralities,
and rapidities, we can find out the dependences of pa-
rameters on these quantities. These dependences are
related to excitation and expansion degrees of emission
source, which is beneficial to understand the mecha-
nisms of nuclear reactions and system evolutions.
Except for the two derived parameters 〈pT 〉 and Ti,
we can obtain other related parameters by using the
method which is similar to abstract 〈pT 〉 and Ti. For
example, using the Hagedorn function or the inverse
power-law [9, 10] and the Tsallis-Levy function [11, 12]
to fit pT spectra, some free parameters such as p0, n0, T ,
and n in the mentioned functions which will be discussed
in section 2 can be abstracted. These free parameters
are also useful to understand particle productions and
system evolution. Not only the excitation functions of
derived parameters 〈pT 〉 and Ti but also the trends of
free parameters p0, n0, T , and n can be studied from
the fit to pT spectra.
In this work, the (two-component) Erlang distribu-
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tion [6, 7, 8], Hagedorn function (the inverse power-
law) [9, 10], and Tsallis-Levy function [11, 12] are in-
troduced firstly in section 2. Then, in section 3, the
three distributions or functions are used to prelimi-
narily fit pT spectra of heavy flavor quarkonia (char-
monia and bottomonia) produced in high energy col-
lisions. The function results are compared with the
spectra of J/ψ, ψ(2S), and Υ(nS, n = 1, 2, 3) mea-
sured by the STAR [13, 14], CDF [15, 16, 17], AL-
ICE [18], LHCb [19, 20, 21, 22, 23, 24, 25, 26, 27], AT-
LAS [28, 29, 30], and CMS Collaborations [31, 32, 33, 34]
over a wide energy range. Finally, in section 4, we give
our summary and conclusions.
2 Formalism and method
i) The (two-component) Erlang distribution
According to the multisource thermal model [6, 7, 8],
a given particle is produced in the collision process
where a few partons have taken part in. Each (the i-
th) parton is assumed to contribute to an exponential
function [fi(pt)] of transverse momentum (pt) distribu-
tion. Let 〈pt〉 denotes the mean transverse momentum
contributed by the i-th parton, we have the probability
density function of pt to be
fi(pt) =
1
〈pt〉 exp
(
− pt〈pt〉
)
(1)
which is normalized to 1. The contribution pT of all N
partons which have taken part in the collision process
is the folding of N exponential functions [6, 7, 8]. We
have the pT distribution fE(pT ) (the probability density
function of pT ) of final state particles to be the Erlang
distribution
fE(pT ) =
pN−1T
(N − 1)!〈pt〉N exp
(
− pT〈pt〉
)
(2)
which is naturally normalized to 1. The mean pT is
〈pT 〉 = N〈pt〉.
In the two-component Erlang distribution, we have
f1(pT ) =
kEp
N1−1
T
(N1 − 1)!〈pt〉N11
exp
(
− pT〈pt〉1
)
+
(1 − kE)pN2−1T
(N2 − 1)!〈pt〉N22
exp
(
− pT〈pt〉2
)
, (3)
where kE denotes the contribution fraction of the first
component, N1 (N2) denotes the number of partons in
the first (second) component, and 〈pt〉1 (〈pt〉2) denotes
the mean transverse momentum contributed by each
parton in the first (second) component. The mean pT
is 〈pT 〉 = kEN1〈pt〉1+(1−kE)N2〈pt〉2, where N1 = 2–5
and N2 = 2 in most cases.
ii) The (two-component) Hagedorn function
The Hagedorn function is an inverse power-law which
is suitable to describe wide pT spectra of particles pro-
duced in hard scattering process. In refs. [9, 10], the
Hagedorn function or the inverse power-law shows the
probability density function of pT to be
fH(pT ) = ApT
(
1 +
pT
p0
)−n0
, (4)
where p0 and n0 are the free parameters and A is the
normalization constant which is related to p0 and n0 and
results in
∫∞
0
fH(pT )dpT = 1. Eq. (6) is an empirical
formula inspired by quantum chromodynamics (QCD).
We call Eq. (4) the Hagedorn function or the inverse
power-law [9, 10].
In the case of using two-component Hagedorn func-
tion, we have
f2(pT ) = kHA1pT
(
1 +
pT
p01
)−n01
+ (1− kH)A2pT
(
1 +
pT
p02
)−n02
, (5)
where kH denotes the contribution fraction of the first
component, A1 (A2) is the normalization constant which
results in the first (second) component to be normalized
to 1, and p01 (p02) and n01 (n02) are free parameters
related to the first (second) component. To combine
the free parameters of the two components, we have
p0 = kHp01+(1−kH)p02 and n0 = kHn01+(1−kH)n02.
Generally, Eq. (4) is possible to describe the spec-
tra in both the low- and high-pT regions. In fact, the
spectra in the low- and high-pT regions represent sim-
ilar trend in some cases. This is caused due to the
similarity [35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45]
which is widely existent in high energy collisions. In
addition, one can revise Eq. (4) if needed in different
ways [46, 47, 48, 49, 50, 51, 52] which result in low
probability in low- or high-pT region according to ex-
perimental spectra. To discuss various revisions of the
Hagedorn function or the inverse power-law [9, 10] is
beyond the focus of this paper. We shall not discuss
anymore on this issue. For a very wide pT spectrum,
Eq. (5) is possibly needed.
iii) The (two-component) Tsallis-Levy function
The Tsallis statistics [11] has wide applications in
high energy collisions. There are various forms of the
2
Tsallis distribution or function. In this work, we use
the Tsallis-Levy function [12]
fL(pT ) = CpT
(
1 +
√
p2T +m
2
0 −m0
nT
)−n
, (6)
where T and n are free parameters,
√
p2T +m
2
0 ≡ mT is
the transverse mass, m0 is the rest mass of the consid-
ered particle, and C is the normalized constant which is
related to T , n, and m0 and results in
∫∞
0
fL(pT )dpT =
1.
We notice that fL(pT ) is related to particle massm0,
which is not the case of fE(pT ) and fH(pT ) presented
in Eqs. (2) and (4) respectively. Although fL(pT ) is
related to m0, this relation is not strong due to m0 ap-
pearing only in
√
p2T +m
2
0 −m0.
In the case of using two-component Tsallis-Levy
function, we have
f3(pT ) = kLC1pT
(
1 +
√
p2T +m
2
0 −m0
n1T1
)−n1
+ (1 − kL)C2pT
(
1 +
√
p2T +m
2
0 −m0
n2T2
)−n2
,
(7)
where kL denotes the contribution fraction of the first
component, C1 (C2) is the normalization constant which
results in the first (second) component to be normalized
to 1, and T1 (T2) and n1 (n2) are free parameters. To
combine the free parameters of the two components, we
have T = kLT1+(1−kL)T2 and n = kLn1+(1−kL)n2.
iv) The initial temperature
According to the color string percolation model [53,
54, 55], the initial temperature of the emission source is
determined by
Ti ≡
√
〈p2T 〉
2
(8)
where
〈p2T 〉 =
∫ ∞
0
p2T f1,2,3(pT )dpT (9)
is the square of the root-mean-square of pT due to∫∞
0 f1,2,3(pT )dpT = 1. If the x-component (px) and
y-component (py) of momentum p are considered before
or after the transformation of reference frame, we have
Ti =
√
〈p2x〉 =
√
〈p2y〉. (10)
Obviously, Ti is invariant in the transformation of ref-
erence frame. In the source’s rest frame and under the
assumption of isotropic emission, if the z-component of
momentum is p′z, we also have
Ti =
√
〈p′2z 〉. (11)
3 Results and discussion
Ordered by center-of-mass energy per nucleon pair
(
√
sNN or
√
s if only one pair) for different panels, Fig.
1 shows the pT spectra, (a)–(c) (1/2pipT )d
2N/dpTdy,
(d)(e) (1/2pipT )d
2σ/dpTdy, (f) d
2σ/dpTdy, and (g)
d2Y/dpT dy, of (a)–(d) J/ψ → e+e−, (e) J/ψ → µ+µ−,
(f) prompt J/ψ, and (g) inclusive J/ψ produced in (a)–
(c) gold-gold (Au+Au), (d)(e) proton-proton (p+p), (f)
proton-antiproton (p+p), and (g) lead-lead (Pb+Pb)
collisions at mid-rapidity (a)–(d) |y| < 1, (e) |y| < 0.4,
(f) |y| < 0.6, and forward rapidity (g) 2.5 < y < 4 at√
sNN or
√
s = (a) 39, (b) 62.4, (c) 200, (d) 500, and
(e) 510 GeV, as well as (f) 1.8 and 1.96, and (g) 2.76
TeV, where N denotes the number of particles, σ de-
notes the cross section, and Y denotes the yield. The
experimental data represented by the symbols are mea-
sured by the (a)–(e) STAR [13, 14], (f) CDF [15, 16], and
(g) ALICE Collaborations [18] with different centrality
classes such as (a)–(c) 0-20%, 20-40%, 40-60%, and 0-
60%, and (g) 0-20%, 20-40%, and 40-90%, as well as
with different cross sections e.g. (d)(e) full and fiducial
cross sections. Some data points are scaled by differ-
ent amounts marked in the panels. The data points are
fitted by the (two-component) Erlang distribution (Eq.
(3), the solid curve), the Hagedorn function (Eq. (4),
the dashed curve), and the Tsallis-Levy function (Eq.
(6), the dotted curve), respectively. In the calculations,
the method of least square is used to obtain the best
free parameters. The values of free parameters 〈pt〉1,
〈pt〉2, N1, and kE are listed in Table A1 with χ2 and
number of degree of freedom (ndof) in the appendix.
The values of free parameters p0, n0, T , and n are listed
in Table A2 with χ2 and ndof in the appendix. One
can see that the (two-component) Erlang distribution,
the Hagedorn function, and the Tsallis-Levy function fit
approximately the experimental pT spectra of J/ψ via
different decay or production modes in high energy p+p,
p+p, Au+Au, and Pb+Pb collisions.
The pT spectra, d
2σ/dpT dy, of (a)(c)(e)(g) prompt
J/ψ and (b)(d)(f)(h) J/ψ from b produced in (a)(b)
proton-lead (p+Pb) and (c)–(h) p+p collisions at
√
sNN
or
√
s = (a)(b) 5, (c)(d) 7, (e)(f) 8, and (g)(h) 13 TeV
are presented in Fig. 2. Different symbols represent the
experimental data measured by the LHCb Collabora-
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Fig. 1. Transverse momentum spectra, (a)–(c) (1/2pipT )d
2N/dpT dy, (d)(e) (1/2pipT )d
2σ/dpTdy, (f) d
2σ/dpTdy, and (g)
d2Y/dpTdy of J/ψ in different decay or production modes in (a)–(c) Au+Au, (d)(e) p+p, (f) p+p, and (g) Pb+Pb collisions
at energies (a) 39, (b) 62.4, (c) 200, (d) 500, and (e) 510 GeV, as well as (f) 1.8 and 1.96, and (g) 2.76 TeV. The symbols
represent the experimental data measured by the (a)–(e) STAR [13, 14], (f) CDF [15, 16], and (g) ALICE Collaborations [18]
under different conditions marked in the panels. The solid, dashed, and dotted curves represent our results fitted by the
(two-component) Erlang distribution (Eq. (3)), the Hagedorn function (Eq. (4)), and the Tsallis-Levy function (Eq. (6)),
respectively.
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Fig. 2. Transverse momentum spectra, d2σ/dpTdy, of J/ψ in different production modes in (a)(b) p+Pb and (c)–(h) p+p
collisions at (a)(b) 5, (c)(d) 7, (e)(f) 8, and (g)(h) 13 TeV. The symbols represent the data measured by the LHCb Col-
laboration [19, 20, 21, 22] under different conditions marked in the panels. The solid, dashed, and dotted curves represent
our results fitted by the Erlang distribution (Eq. (3)), the Hagedorn function (Eq. (4)), and the Tsallis-Levy function (Eq.
(6)), respectively.
tion [19, 20, 21, 22] in the rapidity intervals of (a)(b)
1.5 < y < 2.0, 2.0 < y < 2.5, 2.5 < y < 3.0, 3.0 <
y < 3.5, and 3.5 < y < 4.0 and (c)–(h) 2.0 < y < 2.5,
2.5 < y < 3.0, 3.0 < y < 3.5, 3.5 < y < 4.0, and
4.0 < y < 4.5, and scaled by different amounts marked
in the panels. The solid, dashed, and dotted curves rep-
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Fig. 3. Transverse momentum spectra, (a)(c)–(g) d2σ/dpTdy and (b) dσ/dpT , of ψ(2S) from different production modes in
(a) p+p, (b) p+Pb, and (c)–(g) p+p collisions at energies (a) 1.8 and 1.96, (b) 5, (c)–(e) 5.02, and (f)–(g) 7 TeV. The symbols
represent the experimental data measured by the (a) CDF [15, 16], (b) LHCb [23], (c)(d) ATLAS [28], and (e)–(g) CMS
Collaborations [31, 32] under different conditions marked in the panels. The solid, dashed, and dotted curves represent our
results fitted by the (two-component) Erlang distribution (Eq. (3)), the Hagedorn function (Eq. (4)), and the Tsallis-Levy
function (Eq. (6)), respectively.
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Fig. 4. Same as Fig. 3, but showing the results at (a)(b) 7, (c) 8, and (d) 13 TeV. The data points measured by the
(a)(b)(c) ATLAS [29, 30] and (d) CMS Collaborations [33] are fitted by the Erlang distribution (Eq. (3), the solid curve),
the Hagedorn function (Eq. (4), the dashed curves), and the Tsallis-Levy function (Eq. (6), the dotted curves), under
different conditions marked in the panels. In particular, the two-component Hagedorn function (Eq. (5), the dashed curves)
and the two-component Tsallis-Levy function (Eq. (7), the dotted curves) are used in Fig. 4(d).
Levy function (Eq. (6)), respectively. The method of
least square is used to obtain the best parameter val-
ues which are listed in Tables A1 and A2 with χ2 and
ndof. One can see that the experimental pT spectra of
J/ψ via different production modes in different rapidity
intervals in p+p and p+Pb collisions at high energies
are approximately fitted by the Erlang distribution, the
Hagedorn function, and the Tsallis-Levy function.
Figure 3 shows the pT spectra, (a)(c)–(g) d
2σ/dpTdy
and (b) dσ/dpT , of ψ(2S) via different production
modes. The different symbols represent the experimen-
tal data of the (a)(c)(e)(f) prompt ψ(2S), (b) inclusive
ψ(2S), prompt ψ(2S), and ψ(2S) from b, and (d)(g)
non-prompt ψ(2S) measured by the (a) CDF [15, 16],
(b) LHCb [23], (c)(d) ATLAS [28], and (e)–(g) CMS
Collaborations [31, 32] in (a) p+p, (b) p+Pb, (c)–(g)
p+p collisions at
√
sNN or
√
s = (a) 1.8 and 1.96, (b)
5, (c)–(e) 5.02, and (f)(g) 7 TeV with (a) |y| < 0.6,
(b) 1.5 < y < 4.0, (c)(d) 0.00 < |y| < 0.75, 0.75 <
|y| < 1.50, and 1.50 < |y| < 2.00, (e) 0 < |y| < 0.9,
0.9 < |y| < 1.5, 1.5 < |y| < 1.93, and 1.93 < |y| < 2.4,
and (f)(g) |y| < 1.2, 1.2 < |y| < 1.6, and 1.6 < |y| < 2.4,
where different collaborations have used different preci-
sions for the rapidity intervals. Some data points are
scaled by different amounts marked in the panels. The
solid, dashed, and dotted curves represent our results
fitted by the (two-component) Erlang distribution (Eq.
(3)), the Hagedorn function (Eq. (4)), and the Tsallis-
Levy function (Eq. (6)), respectively. The values of
free parameters are listed in Tables A1 and A2 with χ2
and ndof. One can see that the experimental pT spec-
tra of ψ(2S) via different production modes in differ-
ent rapidity intervals in p+p, p+p, and p+Pb collisions
at high energies are approximately fitted by the (two-
component) Erlang distribution, the Hagedorn function,
and the Tsallis-Levy function.
Figure 4 shows the pT spectra, d
2σ/dpTdy, of ψ(2S)
via different production modes in p+p collisions at
√
s =
(a)(b) 7, (c) 8, and (d) 13 TeV. The different symbols
represent the experimental data of (a)(d) prompt ψ(2S),
(b) non-prompt ψ(2S), and (c) prompt ψ(2S) and non-
prompt ψ(2S) measured by the (a)–(c) ATLAS [29, 30]
and (d) CMS Collaborations [33] in (a)(b) |y| < 0.75,
0.75 < |y| < 1.5, and 1.5 < |y| < 2.0, (c) |y| < 0.75,
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Fig. 5. Transverse momentum spectra, (a)(c)–(f) d2σ/dpTdy and (b) dσ/dpT , of (a)–(c) Υ(nS, n = 1, 2, 3) → µ+µ−, (d)
Υ(1S) → µ+µ−, (e) Υ(2S) → µ+µ−, and (f) Υ(3S) → µ+µ− in (a) p+p and (b)–(f) p+p collisions at (a) 1.8, (b) 2.76, (c)
5.02, and (d)–(f) 7 TeV. The data points are the results measured by the (a) CDF [17], (b)(d)–(f) LHCb [24, 25], and (c)
CMS Collaborations [34] under different conditions marked in the panels. The solid, dashed, and dotted curves represent
our results fitted by the Erlang distribution (Eq. (3)), the Hagedorn function (Eq. (4)), and the Tsallis-Levy function (Eq.
(6)), respectively.
and (d) 0.0 < |y| < 0.3, 0.3 < |y| < 0.6, 0.6 < |y| < 0.9,
and 0.9 < |y| < 1.2, where some data points are scaled
by different amounts marked in the panels. The data
points are fitted by the Erlang distribution (Eq. (3), the
solid curve), the Hagedorn function (Eq. (4), the dashed
curves), and the Tsallis-Levy function (Eq. (6), the dot-
ted curves). The values of free parameters are listed in
Tables A1 and A2 with χ2 and ndof. For Fig. 4(d), the
two-component Eqs. (5) and (7) are used, where the free
parameters for the first (second) component are listed in
the first (second) row. One can see that the experimen-
tal pT spectra of ψ(2S) via different production modes
in different rapidity intervals in p+p collisions at high
energies are also approximately fitted by the Erlang dis-
tribution, the (two-component) Hagedorn function, and
the (two-component) Tsallis-Levy function.
In Fig. 5, the pT spectra, (a)(c)–(f) d
2σ/dpTdy and
(b) dσ/dpT , of (a)–(c) Υ(nS, n = 1, 2, 3) → µ+µ−, (d)
Υ(1S) → µ+µ−, (e) Υ(2S) → µ+µ−, and (f) Υ(3S)
→ µ+µ− induced in (a) p+p and (b)–(f) p+p collisions
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Fig. 6. Transverse momentum spectra, d2σ/dpTdy, of (a)(d)(e) Υ(1S) → µ+µ−, (b)(f) Υ(2S) → µ+µ−, and (c)(g) Υ(3S)
→ µ+µ− in (a)–(c) and (e)–(g) p+p and (d) p+Pb collisions at (a)–(c) 8, (d) 8.16, and (e)–(g) 13 TeV. The data points are
the results measured by the LHCb Collaboration [25, 26, 27] under different conditions marked in the panels. The solid,
dashed, and dotted curves represent our results fitted by the Erlang distribution (Eq. (3)), the Hagedorn function (Eq. (4)),
and the Tsallis-Levy function (Eq. (6)), respectively.
at
√
s = (a) 1.8, (b) 2.76, (c) 5.02, and (d)–(f) 7 TeV are
given. The symbols shown in panels (a)–(c) represent
the experimental data measured by the (a) CDF [17],
(b) LHCb [24], and (c) CMS Collaborations [34] in (a)
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Fig. 7. Dependences of (a)(c)(e) 〈pT 〉 and (b)(d)(f) Ti on √sNN (or √s) for (a)(b) J/ψ, (c)(d) ψ(2S), and (e)(f)
Υ(nS, n = 1, 2, 3). The different symbols represent the parameter values derived from Figs. 1–6 and listed in Tables
A1 and A2 where only the (two-component) Erlang distribution in the ranges of data available is used.
p+p and (b)(c) p+p collisions in (a) |y| < 0.4, (b)
2.0 < y < 4.5, and (c) |y| < 2.4 respectively. The sym-
bols shown in panels (d)–(f) represent the experimental
data measured by the LHCb Collaboration [25] in p+p
collisions in 2.0 < y < 2.5, 2.5 < y < 3.0, 3.0 < y < 3.5,
3.5 < y < 4.0, and 4.0 < y < 4.5 and scaled by differ-
ent amounts shown in the panels. The data points are
fitted by the Erlang distribution (Eq. (3)), the Hage-
dorn function (Eq. (4)), and the Tsallis-Levy function
(Eq. (6)) by the solid, dashed, and dotted curves, re-
spectively. The parameter values are listed in Tables
A1 and A2 with χ2 and ndof. One can see that the ex-
perimental pT spectra of Υ(nS, n = 1, 2, 3) → µ+µ− in
different rapidity intervals in p+p and p+p collisions at
high energies are approximately fitted by the Erlang dis-
tribution, the Hagedorn function, and the Tsallis-Levy
function.
In Fig. 6, the pT spectra, d
2σdpTdy, of (a)(d)(e)
Υ(1S) → µ+µ−, (b)(f) Υ(2S) → µ+µ−, and (c)(g)
Υ(3S)→ µ+µ− induced in (a)–(c) and (e)–(g) p+p and
(d) p+Pb collisions at
√
sNN or
√
s = (a)–(c) 8, (d)
8.16, and (e)–(g) 13 TeV are given. The symbols repre-
sent the experimental data measured by the LHCb Col-
laboration [25, 26, 27]. The rapidity intervals for panels
10
11.25
1.5
1.75
2
2.25
2.5
2.75
3
0 20 40 60 80 100
〈p T
〉 (G
eV
/c)
C (%)                        
J/ψ                         
39 GeV        62.4 GeV     
200 GeV       2.76 TeV     
(a)                                                  
1
1.2
1.4
1.6
1.8
2
2.2
2.4
0 20 40 60 80 100
T i
 
(G
eV
)
C (%)                        
J/ψ                         
39 GeV        62.4 GeV     
200 GeV       2.76 TeV     
(b)                                                  
2
2.5
3
3.5
4
4.5
5
0 1 2 3 4 5 6
〈p T
〉 (G
eV
/c)
y                            
Prompt J/ψ    J/ψ from b     
5 TeV             5 TeV        
8 TeV             8 TeV        
7 TeV             7 TeV        
13 TeV           13 TeV      
(c)                                                  
1.5
2
2.5
3
3.5
4
4.5
0 1 2 3 4 5 6
T i
 
(G
eV
)
y                            
Prompt J/ψ    J/ψ from b     
5 TeV             5 TeV        
8 TeV             8 TeV        
7 TeV             7 TeV        
13 TeV           13 TeV      
(d)                                                  
2
3
4
5
6
7
8
9
10
0 0.5 1 1.5 2 2.5
〈p T
〉 (G
eV
/c)
y                            
Prompt        Non-Prompt    
 ψ(2S)               ψ(2S)          
5.02 TeV       5.02 TeV       
7 TeV             7 TeV            
13 TeV                                  
(e)                                                  
0
2
4
6
8
10
12
0 0.5 1 1.5 2 2.5
T i
 
(G
eV
)
y                            
Prompt        Non-Prompt    
 ψ(2S)               ψ(2S)          
5.02 TeV       5.02 TeV       
7 TeV             7 TeV            
13 TeV                                  
(f)                                                  
3
4
5
6
7
8
9
10
11
0 1 2 3 4 5 6
〈p T
〉 (G
eV
/c)
y                            
ϒ(1S)  ϒ(2S)  ϒ(3S)    
8.16 TeV                                      
7 TeV                                      
8 TeV                                      
13 TeV                                      
(g)                                                  3
4
5
6
7
8
9
0 1 2 3 4 5 6
T i
 
(G
eV
)
y                            
ϒ(1S)  ϒ(2S)  ϒ(3S)    
8.16 TeV                                      
7 TeV                                      
8 TeV                                      
13 TeV                                      
(h)                                                  
Fig. 8. Same as Fig. 7, but showing the dependences of (a)(c)(e)(g) 〈pT 〉 and (b)(d)(f)(h) Ti on (a)(b) C and (c)–(h) y for
(a)–(d) J/ψ, (e)(f) ψ(2S), and (g)(h) Υ(nS, n = 1, 2, 3).
(a)–(c) and (e)–(f) are 2.0 < y < 2.5, 2.5 < y < 3.0,
3.0 < y < 3.5, 3.5 < y < 4.0, and 4.0 < y < 4.5.
The rapidity intervals for panel (d) are 1.5 < y < 2.0
2.0 < y < 2.5, 2.5 < y < 3.0, 3.0 < y < 3.5, and
3.5 < y < 4.0. Different sets of data points are scaled by
different amounts shown in the panels. The data points
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Fig. 9. Same as Fig. 7, but showing the dependences of (a)(c)(e) p0 and (b)(d)(f) n0 on
√
sNN (or
√
s) for (a)(b) J/ψ,
(c)(d) ψ(2S), and (e)(f) Υ(nS, n = 1, 2, 3).
are fitted by the Erlang distribution (Eq. (3)), the Hage-
dorn function (Eq. (4)), and the Tsallis-Levy function
(Eq. (6)) by the solid, dashed, and dotted curves, re-
spectively. The parameter values are listed in Table A1
and A2 with χ2 and ndof. Once again, one can see
that the experimental pT spectra of Υ(nS, n = 1, 2, 3)
→ µ+µ− in different rapidity intervals in p+p and p+Pb
collisions at high energies are approximately fitted by
the Erlang distribution, the Hagedorn function, and the
Tsallis-Levy function.
Figure 7 shows the dependences of (a)(c)(e) 〈pT 〉 and
(b)(d)(f) Ti on
√
sNN (or
√
s) for (a)(b) J/ψ, (c)(d)
ψ(2S), and (e)(f) Υ(nS, n = 1, 2, 3). The different sym-
bols represent the parameter values derived from free
parameters extracted from Figs. 1–6 and listed in Ta-
bles A1 and A2, where only the (two-component) Erlang
distribution in the ranges of data available is used. One
can see that 〈pT 〉 and Ti increases obviously with the
increase of collision energy. Meanwhile, 〈pT 〉 and Ti in-
creases with the increase of particle mass.
Figure 8 is the same as Fig. 7, but showing the de-
pendences of (a)(c)(e)(g) 〈pT 〉 and (b)(d)(f)(h) Ti on
(a)(b) centrality C and (c)–(h) rapidity y for (a)–(d)
J/ψ, (e)(f) ψ(2S), and (g)(h) Υ(nS, n = 1, 2, 3). The
different symbols represent the parameter values derived
from free parameters extracted from Figs. 1–6 and
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Fig. 10. Same as Fig. 7, but showing the dependences of (a)(c)(e)(g) p0 and (b)(d)(f)(h) n0 on (a)(b) C and (c)–(h) y for
(a)–(d) J/ψ, (e)(f) ψ(2S), and (g)(h) Υ(nS, n = 1, 2, 3).
listed in Tables A1 and A2, where only the the (two-
component) Erlang distribution is used. One can see
that 〈pT 〉 and Ti increases slightly with the increase of
event centrality from peripheral to central collisions, and
decreases with the increase of rapidity from mid-rapidity
to forward rapidity. Meanwhile, 〈pT 〉 and Ti increases
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Fig. 11. Same as Fig. 7, but showing the dependences of (a)(c)(e) T and (b)(d)(f) n on
√
sNN (or
√
s) for (a)(b) J/ψ,
(c)(d) ψ(2S), and (e)(f) Υ(nS, n = 1, 2, 3).
with the increases of collision energy and particle mass.
Figure 9 is the same as Fig. 7, but showing the de-
pendences of (a)(c)(e) p0 and (b)(d)(f) n0 on
√
sNN (or√
s) for (a)(b) J/psi, (c)(d) ψ(2S), and (e)(f) Υ(nS, n =
1, 2, 3). The different symbols represent the parameter
values derived from free parameters extracted from Figs.
1–6 and listed in Tables A1 and A2. One can see that
p0 and n0 increases with the increase of collision energy
and particle mass.
Figure 10 is the same as Fig. 7, but showing the
dependences of (a)(c)(e)(g) p0 and (b)(d)(f)(h) n0 on
(a)(b) centrality C and (c)–(h) rapidity y for (a)–(d)
J/ψ, (e)(f) ψ(2S), and (g)(h) Υ(nS, n = 1, 2, 3). One
can see that p0 (n0) increases (decreases) slightly with
the increase of event centrality from peripheral to cen-
tral collisions, and decreases (increase) (slightly) with
the increase of rapidity from mid-rapidity to forward ra-
pidity. Meanwhile, p0 (n0) increases with the increases
of collision energy and particle mass.
Figure 11 is the same as Fig. 7, but showing the de-
pendences of (a)(c)(e) T and (b)(d)(f) n on
√
sNN (or√
s) for (a)(b) J/psi, (c)(d) ψ(2S), and (e)(f) Υ(nS, n =
1, 2, 3). One can see that T and n increases with the in-
crease of collision energy and particle mass.
Figure 12 is the same as Fig. 7, but showing the de-
pendences of (a)(c)(e)(g) T and (b)(d)(f)(h) n on (a)(b)
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Fig. 12. Same as Fig. 7, but showing the dependences of (a)(c)(e)(g) T and (b)(d)(f)(h) n on (a)(b) C and (c)–(h) y for
(a)–(d) J/ψ, (e)(f) ψ(2S), and (g)(h) Υ(nS, n = 1, 2, 3).
centrality C and (c)–(h) rapidity y for (a)–(d) J/ψ,
(e)(f) ψ(2S), and (g)(h) Υ(nS, n = 1, 2, 3). One can
see that T (n) increases (decreases) slightly with the
increase of event centrality from peripheral to central
collisions, and decreases (increase) (slightly) with the
increase of rapidity from mid-rapidity to forward rapid-
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ity. Meanwhile, T (n) increases with the increases of
collision energy and particle mass.
We may explain the tendency of derived 〈pT 〉 and
Ti which have similar tendency with pT . With the in-
crease of collision energy, the violent degree of collisions
increases obviously due to large energy transfer, which
results in the obvious increase of pT . With the increase
of centrality, the degree of multiple-scattering increases
due to more participant nucleons and produced parti-
cles taking part in the scattering process, which results
in slight increase of emission angle and then slight in-
crease of pT . With the increase of rapidity, the energy
transfer decreases due to larger penetrability between
participant nucleons. Meanwhile, the degree of multiple-
scattering also decreases due to less produced particles
taking part in the scattering process. These two fac-
tors result in the decrease of pT . It is natural that pT
increases with the increase of m0.
The tendency of p0 (T ) and n0 (n) with collision
energy are also explained by more violent collision at
higher energy. Both p0 (T ) and n0 (n) increase with
the increase of collision energy. This means that p0 (T )
and n0 (n) are positively correlative at different ener-
gies. Meanwhile, for a given pT spectrum or in given
collisions, an increase in p0 (T ) is concomitant with a
decrease in n0 (n). This means that p0 (T ) and n0 (n)
are negatively correlative in given collisions (at given
energy). There are entanglements when determine p0
(T ) and n0 (n).
The correlation between p0 (T ) and n0 (n) is simi-
lar to that between kinetic freeze-out temperature and
transverse flow velocity [56, 57] which also show positive
correlation at different energies and negative correla-
tion in given spectrum. If p0 (T ) corresponds to kinetic
freeze-out temperature, n0 (n) should correspond to
transverse flow velocity. Meanwhile, the results ob-
tained in this work are in agreement with our recent
work [58], which shows mass-dependent parameters. In
particular, with the increase of particle mass, 〈pT 〉, Ti,
p0, and n0 increase.
4 Summary and conclusions
To summary, the transverse momentum spectra of
J/ψ, ψ(2S), and Υ(nS, n = 1, 2, 3) produced in p+p,
p+p, p+Pb, Au+Au, and Pb+Pb collisions over an en-
ergy range from dozens of GeV to above 10 TeV have
been analyzed by the (two-component) Erlang distribu-
tion, the Hagedorn function, and the Tsallis-Levy func-
tion. The function results are approximately in agree-
ment with the experimental data measured by several
international collaborations. The values of related pa-
rameters are extracted from the fit process and the ex-
citation functions of these parameters are obtained.
The excitation functions of parameters 〈pT 〉 and Ti
increase from dozens of GeV to above 10 TeV. Mean-
while, 〈pT 〉 and Ti increase (slightly) with event central-
ity and particle mass and decrease from mid-rapidity to
forward rapidity. These tendencies render that these pa-
rameters describe the excitation and expansion degrees
of the system. At higher energy, larger energy transfer
had happened, which results in higher excitation and
expansion degrees of the system. In central collisions
and at mid-rapidity, larger energy transfer and further
multiple-scattering had happened, which also results in
higher excitation and expansion degrees of the system.
The parameters p0 (T ) and n0 (n) increase with the
collision energy, which reflects the degree of energy de-
position and transfer. In given collisions, p0 (T ) and
n0 (n) are negatively correlative. At different energies,
p0 (T ) and n0 (n) are positively correlative. There are
entanglements when determine p0 (T ) and n0 (n). The
correlation between p0 (T ) and n0 (n) is similar to that
between kinetic freeze-out temperature and transverse
flow velocity. If p0 (T ) corresponds to kinetic freeze-out
temperature, n0 (n) should correspond to transverse
flow velocity.
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Appendix
Table A1. Values of 〈pt〉1, 〈pt〉2, N1, kE , 〈pT 〉, Ti, and χ
2/ndof corresponding to the solid curves in Figs. 1 and 2. In all cases, N2 = 2
which is not listed in the table. In the case of ndof ≤ 0, we use “−” to mention.
Figure Main selection 〈pt〉1 (GeV/c) 〈pt〉2 (GeV/c) N1 kE 〈pT 〉 (GeV/c) Ti (GeV) χ
2/ndof
1(a) 0–20% 0.88± 0.05 − 2± 0 1 1.760± 0.100 1.520± 0.070 1.87/−
20–40% 0.86± 0.05 − 2± 0 1 1.720± 0.100 1.490± 0.070 1.67/−
40–60% 0.85± 0.10 − 2± 0 1 1.700± 0.200 1.472± 0.140 0.38/−
0–60% 0.86± 0.05 − 2± 0 1 1.720± 0.100 1.490± 0.070 1.34/−
1(b) 0–20% 0.91± 0.05 − 2± 0 1 1.820± 0.100 1.576± 0.070 2.10/−
20–40% 0.89± 0.05 − 2± 0 1 1.780± 0.100 1.542± 0.070 1.05/−
40–60% 0.88± 0.05 − 2± 0 1 1.760± 0.100 1.524± 0.070 2.64/−
0–60% 0.89± 0.01 − 2± 0 1 1.780± 0.200 1.542± 0.140 2.81/−
1(c) 0–20% 0.92± 0.05 − 2± 0 1 1.840± 0.100 1.593± 0.070 0.66/2
20–40% 0.91± 0.05 − 2± 0 1 1.820± 0.100 1.576± 0.070 2.47/2
40–60% 0.90± 0.05 − 2± 0 1 1.800± 0.100 1.559± 0.070 2.65/2
0–60% 0.91± 0.05 − 2± 0 1 1.820± 0.100 1.576± 0.070 1.99/2
1(d) Full cross section 0.91± 0.02 2.20± 0.05 2± 0 0.99± 0.01 1.846± 0.034 1.663± 0.037 13.40/14
Fiducial cross section 0.95± 0.01 2.50± 0.05 2± 0 0.99± 0.01 1.931± 0.030 1.709± 0.040 54.91/14
1(e) Full cross section 0.98± 0.02 − 2± 0 1 1.960± 0.040 1.697± 0.030 5.50/2
Fiducial cross section 1.02± 0.02 − 2± 0 1 2.040± 0.040 1.767± 0.030 14.50/2
1(f) 1.8 TeV 0.98± 0.05 2.30± 0.10 2± 0 0.98± 0.01 2.013± 0.056 1.743± 0.040 6.54/6
1.96 TeV 1.02± 0.05 2.41± 0.10 2± 0 0.98± 0.01 2.096± 0.057 1.815± 0.041 17.34/19
1(g) 0–20% 0.72± 0.02 − 3± 0 1 2.160± 0.060 1.764± 0.040 25.90/10
20–40% 0.71± 0.02 − 3± 0 1 2.130± 0.060 1.739± 0.040 20.90/10
40–90% 0.70± 0.02 − 3± 0 1 2.100± 0.060 1.715± 0.040 30.75/10
2(a) 1.5 < y < 2.0 1.44± 0.05 − 2± 0 1 2.880± 0.100 2.494± 0.035 4.00/5
2.0 < y < 2.5 1.39± 0.05 − 2± 0 1 2.780± 0.100 2.408± 0.035 4.40/5
2.5 < y < 3.0 1.37± 0.05 − 2± 0 1 2.740± 0.100 2.373± 0.035 3.95/5
3.0 < y < 3.5 1.32± 0.05 − 2± 0 1 2.640± 0.100 2.286± 0.035 3.96/5
3.5 < y < 4.0 1.25± 0.05 − 2± 0 1 2.500± 0.100 2.165± 0.035 4.84/5
2(b) 1.5 < y < 2.0 1.65± 0.05 − 2± 0 1 3.300± 0.100 2.858± 0.035 3.01/5
2.0 < y < 2.5 1.60± 0.05 − 2± 0 1 3.200± 0.100 2.771± 0.035 5.99/5
2.5 < y < 3.0 1.55± 0.05 − 2± 0 1 3.100± 0.100 2.685± 0.035 8.89/5
3.0 < y < 3.5 1.50± 0.05 − 2± 0 1 3.000± 0.100 2.598± 0.035 11.77/5
3.5 < y < 4.0 1.40± 0.05 − 2± 0 1 2.800± 0.100 2.425± 0.035 13.44/5
2(c) 2.0 < y < 2.5 1.40± 0.02 − 2± 0 1 2.800± 0.040 2.425± 0.014 10.37/11
2.5 < y < 3.0 1.38± 0.02 − 2± 0 1 2.760± 0.040 2.390± 0.014 10.43/11
3.0 < y < 3.5 1.36± 0.02 − 2± 0 1 2.720± 0.040 2.356± 0.014 10.12/11
3.5 < y < 4.0 1.26± 0.02 − 2± 0 1 2.520± 0.040 2.182± 0.014 7.96/10
4.0 < y < 4.5 1.15± 0.02 − 2± 0 1 2.300± 0.040 1.992± 0.014 5.97/8
2(d) 2.0 < y < 2.5 1.62± 0.02 − 2± 0 1 3.240± 0.040 2.806± 0.014 7.49/11
2.5 < y < 3.0 1.60± 0.02 − 2± 0 1 3.200± 0.040 2.771± 0.014 7.18/11
3.0 < y < 3.5 1.56± 0.02 − 2± 0 1 3.120± 0.040 2.702± 0.014 8.82/11
3.5 < y < 4.0 1.42± 0.02 − 2± 0 1 2.840± 0.040 2.460± 0.014 5.13/10
4.0 < y < 4.5 1.34± 0.02 − 2± 0 1 2.680± 0.040 2.321± 0.014 6.36/8
2(e) 2.0 < y < 2.5 1.42± 0.02 − 2± 0 1 2.840± 0.040 2.460± 0.014 9.57/11
2.5 < y < 3.0 1.39± 0.02 − 2± 0 1 2.780± 0.040 2.408± 0.014 7.10/11
3.0 < y < 3.5 1.37± 0.02 − 2± 0 1 2.740± 0.040 2.373± 0.014 9.77/11
3.5 < y < 4.0 1.32± 0.02 − 2± 0 1 2.640± 0.040 2.286± 0.014 9.62/11
4.0 < y < 4.5 1.20± 0.02 − 2± 0 1 2.400± 0.040 2.078± 0.014 7.60/11
2(f) 2.0 < y < 2.5 1.72± 0.02 − 2± 0 1 3.440± 0.040 2.979± 0.014 8.11/11
2.5 < y < 3.0 1.70± 0.02 − 2± 0 1 3.400± 0.040 2.944± 0.014 8.99/11
3.0 < y < 3.5 1.60± 0.02 − 2± 0 1 3.200± 0.040 2.771± 0.014 9.57/11
3.5 < y < 4.0 1.55± 0.02 − 2± 0 1 3.100± 0.040 2.685± 0.014 9.89/11
4.0 < y < 4.5 1.40± 0.02 − 2± 0 1 2.800± 0.040 2.425± 0.014 7.99/11
2(g) 2.0 < y < 2.5 1.46± 0.02 − 2± 0 1 2.920± 0.040 2.529± 0.014 8.79/11
2.5 < y < 3.0 1.43± 0.02 − 2± 0 1 2.860± 0.040 2.477± 0.014 9.08/11
3.0 < y < 3.5 1.40± 0.02 − 2± 0 1 2.800± 0.040 2.425± 0.014 9.44/11
3.5 < y < 4.0 1.35± 0.02 − 2± 0 1 2.700± 0.040 2.338± 0.014 9.93/11
4.0 < y < 4.5 1.32± 0.02 − 2± 0 1 2.640± 0.040 2.286± 0.014 14.04/11
2(h) 2.0 < y < 2.5 1.80± 0.02 − 2± 0 1 3.600± 0.040 3.118± 0.014 10.58/11
2.5 < y < 3.0 1.77± 0.02 − 2± 0 1 3.540± 0.040 3.066± 0.014 9.08/11
3.0 < y < 3.5 1.73± 0.02 − 2± 0 1 3.460± 0.040 2.996± 0.014 9.17/11
3.5 < y < 4.0 1.60± 0.02 − 2± 0 1 3.200± 0.040 2.771± 0.014 9.47/11
4.0 < y < 4.5 1.50± 0.02 − 2± 0 1 3.000± 0.040 2.598± 0.014 12.09/11
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Table A1. Continued. Values of 〈pt〉1, 〈pt〉2, N1, kE , 〈pT 〉, Ti, and χ
2/ndof corresponding to the solid curves in Figs. 3 and 4. In all
cases, N2 = 2 which is not listed in the table. In the case of ndof ≤ 0, we use “−” to mention.
Figure Main selection 〈pt〉1 (GeV/c) 〈pt〉2 (GeV/c) N1 kE 〈pT 〉 (GeV/c) Ti (GeV) χ
2/ndof
3(a) 1.8 TeV 1.00± 0.05 2.70± 0.20 2± 0 0.98± 0.01 2.068± 0.060 1.791± 0.045 3.80/−
1.96 TeV 1.30± 0.05 3.30± 0.10 2± 0 0.99± 0.01 2.640± 0.064 2.286± 0.055 11.16/20
3(b) Inclusive ψ(2S) 1.58± 0.10 − 2± 0 1 3.160± 0.200 2.737± 0.071 13.01/2
Prompt ψ(2S) 1.61± 0.05 − 2± 0 1 3.220± 0.100 2.789± 0.035 5.49/2
ψ(2S) from b 1.65± 0.10 − 2± 0 1 3.300± 0.200 2.858± 0.071 8.51/2
3(c) 0.00 < |y| < 0.75 1.18± 0.03 3.75± 0.20 3± 0 0.98± 0.01 3.619± 0.069 2.962± 0.074 2.39/−
0.75 < |y| < 1.50 1.14± 0.02 3.65± 0.05 3± 0 0.98± 0.01 3.498± 0.056 2.863± 0.070 3.50/−
1.50 < |y| < 2.00 1.12± 0.01 3.60± 0.05 3± 0 0.98± 0.01 3.437± 0.046 2.813± 0.069 4.25/−
3(d) 0.00 < |y| < 0.75 1.20± 0.03 3.80± 0.10 3± 0 0.97± 0.01 3.720± 0.068 3.049± 0.074 3.23/−
0.75 < |y| < 1.50 1.16± 0.03 3.70± 0.10 3± 0 0.97± 0.01 3.598± 0.067 2.948± 0.072 7.64/−
1.50 < |y| < 2.00 1.14± 0.03 3.65± 0.10 3± 0 0.97± 0.01 3.536± 0.049 2.898± 0.071 2.33/−
3(e) 0 < |y| < 0.9 3.50± 0.10 − 1± 0 1 3.500± 0.100 3.031± 0.035 1.45/−
0.9 < |y| < 1.5 3.30± 0.10 − 1± 0 1 3.300± 0.100 2.858± 0.035 1.81/−
1.5 < |y| < 1.93 3.10± 0.10 − 1± 0 1 3.100± 0.100 2.685± 0.035 2.75/−
1.93 < |y| < 2.4 3.00± 0.10 − 1± 0 1 3.000± 0.100 2.598± 0.035 3.50/−
3(f) |y| < 1.2 2.10± 0.20 − 2± 0 1 4.200± 0.040 3.637± 0.141 4.51/6
1.2 < |y| < 1.6 1.90± 0.20 − 2± 0 1 3.800± 0.040 3.291± 0.141 6.30/4
1.6 < |y| < 2.4 1.70± 0.20 − 2± 0 1 3.400± 0.040 2.944± 0.141 5.71/4
3(g) |y| < 1.2 2.60± 0.20 − 2± 0 1 5.200± 0.040 4.503± 0.141 4.19/6
1.2 < |y| < 1.6 2.10± 0.20 − 2± 0 1 4.200± 0.040 3.637± 0.141 6.61/4
1.6 < |y| < 2.4 1.90± 0.20 − 2± 0 1 3.800± 0.040 3.291± 0.141 5.58/4
4(a) |y| < 0.75 4.90± 0.20 − 1± 0 1 4.900± 0.200 4.900± 0.141 16.68/7
0.75 < |y| < 1.5 4.85± 0.20 − 1± 0 1 4.850± 0.200 4.850± 0.141 12.64/7
1.5 < |y| < 2.0 4.60± 0.20 − 1± 0 1 4.600± 0.200 4.600± 0.141 14.92/7
4(b) |y| < 0.75 5.70± 0.20 − 1± 0 1 5.700± 0.200 5.700± 0.141 9.50/7
0.75 < |y| < 1.5 5.60± 0.20 − 1± 0 1 5.600± 0.200 5.600± 0.141 12.60/7
1.5 < |y| < 2.0 4.90± 0.20 − 1± 0 1 4.900± 0.200 4.900± 0.141 23.39/7
4(c) Prompt ψ(2S) 4.50± 0.50 − 1± 0 1 4.500± 0.500 4.500± 0.354 31.00/2
Non-prompt ψ(2S) 5.00± 0.50 − 1± 0 1 5.000± 0.500 5.000± 0.354 24.00/2
4(d) 0.0 < |y| < 0.3 6.00± 0.20 − 1± 0 1 6.000± 0.200 6.000± 0.141 78.14/6
0.3 < |y| < 0.6 5.90± 0.20 − 1± 0 1 5.900± 0.200 5.900± 0.141 149.64/6
0.6 < |y| < 0.9 5.80± 0.20 − 1± 0 1 5.800± 0.200 5.800± 0.141 191.75/6
0.9 < |y| < 1.2 5.70± 0.20 − 1± 0 1 5.700± 0.200 5.700± 0.141 444.14/6
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Table A1. Continued. Values of 〈pt〉1, 〈pt〉2, N1, kE , 〈pT 〉, Ti, and χ
2/ndof corresponding to the solid curves in Figs. 5 and 6. In all
cases, N2 = 2 which is not listed in the table. In the case of ndof ≤ 0, we use “−” to mention.
Figure Main selection 〈pt〉1 (GeV/c) 〈pt〉2 (GeV/c) N1 kE 〈pT 〉 (GeV/c) Ti (GeV) χ
2/ndof
5(a) Υ(1S) 2.35 ± 0.10 − 2± 0 1 4.700± 0.200 4.070 ± 0.071 14.28/11
Υ(2S) 2.65 ± 0.10 − 2± 0 1 5.300± 0.200 4.590 ± 0.071 11.50/6
Υ(3S) 2.70 ± 0.10 − 2± 0 1 5.400± 0.200 4.677 ± 0.071 7.99/6
5(b) Υ(1S) 2.35 ± 0.10 − 2± 0 1 4.700± 0.200 4.070 ± 0.071 7.79/3
Υ(2S) 2.65 ± 0.10 − 2± 0 1 5.300± 0.200 4.590 ± 0.071 4.25/3
Υ(3S) 2.75 ± 0.10 − 2± 0 1 5.500± 0.200 4.763 ± 0.071 2.36/3
5(c) Υ(1S) 2.75 ± 0.10 − 2± 0 1 5.500± 0.200 4.763 ± 0.071 13.89/3
Υ(2S) 3.04 ± 0.10 − 2± 0 1 6.080± 0.200 5.265 ± 0.071 11.00/−
Υ(3S) 3.28 ± 0.10 − 2± 0 1 6.540± 0.200 5.681 ± 0.071 12.00/−
5(d) 2.0 < y < 2.5 2.87 ± 0.10 − 2± 0 1 5.740± 0.200 4.971 ± 0.071 10.30/21
2.5 < y < 3.0 2.74 ± 0.10 − 2± 0 1 5.480± 0.200 4.746 ± 0.071 12.57/21
3.0 < y < 3.5 2.66 ± 0.10 − 2± 0 1 5.320± 0.200 4.607 ± 0.071 13.98/21
3.5 < y < 4.0 2.30 ± 0.10 − 2± 0 1 4.600± 0.200 3.984 ± 0.071 11.90/18
4.0 < y < 4.5 2.15 ± 0.10 − 2± 0 1 4.300± 0.200 3.724 ± 0.071 8.28/12
5(e) 2.0 < y < 2.5 3.24 ± 0.10 − 2± 0 1 6.480± 0.200 5.612 ± 0.071 14.04/21
2.5 < y < 3.0 3.07 ± 0.10 − 2± 0 1 6.140± 0.200 5.317 ± 0.071 11.76/21
3.0 < y < 3.5 2.98 ± 0.10 − 2± 0 1 5.960± 0.200 5.162 ± 0.071 10.98/21
3.5 < y < 4.0 2.60 ± 0.10 − 2± 0 1 5.200± 0.200 4.503 ± 0.071 9.67/18
4.0 < y < 4.5 2.30 ± 0.10 − 2± 0 1 4.600± 0.200 3.984 ± 0.071 9.78/12
5(f) 2.0 < y < 2.5 3.58 ± 0.10 − 2± 0 1 7.160± 0.200 6.201 ± 0.071 10.56/21
2.5 < y < 3.0 3.36 ± 0.10 − 2± 0 1 6.720± 0.200 5.820 ± 0.071 8.31/21
3.0 < y < 3.5 3.15 ± 0.10 − 2± 0 1 6.300± 0.200 5.456 ± 0.071 10.95/21
3.5 < y < 4.0 2.80 ± 0.10 − 2± 0 1 5.600± 0.200 4.850 ± 0.071 10.59/18
4.0 < y < 4.5 2.50 ± 0.10 − 2± 0 1 5.000± 0.200 4.330 ± 0.071 9.28/12
6(a) 2.0 < y < 2.5 2.93 ± 0.10 − 2± 0 1 5.860± 0.200 5.075 ± 0.071 13.98/21
2.5 < y < 3.0 2.80 ± 0.10 − 2± 0 1 5.600± 0.200 4.850 ± 0.071 17.21/21
3.0 < y < 3.5 2.71 ± 0.10 − 2± 0 1 5.420± 0.200 4.694 ± 0.071 15.08/21
3.5 < y < 4.0 2.50 ± 0.10 − 2± 0 1 5.000± 0.200 4.330 ± 0.071 7.56/18
4.0 < y < 4.5 2.18 ± 0.10 − 2± 0 1 4.360± 0.200 3.776 ± 0.071 8.70/12
6(b) 2.0 < y < 2.5 3.25 ± 0.10 − 2± 0 1 6.500± 0.200 5.629 ± 0.071 13.31/21
2.5 < y < 3.0 3.18 ± 0.10 − 2± 0 1 6.360± 0.200 5.508 ± 0.071 15.28/21
3.0 < y < 3.5 3.00 ± 0.10 − 2± 0 1 6.000± 0.200 5.196 ± 0.071 12.05/21
3.5 < y < 4.0 2.80 ± 0.10 − 2± 0 1 5.600± 0.200 4.850 ± 0.071 10.23/18
4.0 < y < 4.5 2.40 ± 0.10 − 2± 0 1 4.800± 0.200 4.157 ± 0.071 9.45/12
6(c) 2.0 < y < 2.5 3.65 ± 0.10 − 2± 0 1 7.300± 0.200 6.322 ± 0.071 10.23/21
2.5 < y < 3.0 3.47 ± 0.10 − 2± 0 1 6.940± 0.200 6.010 ± 0.071 12.87/21
3.0 < y < 3.5 3.30 ± 0.10 − 2± 0 1 6.600± 0.200 5.716 ± 0.071 9.25/21
3.5 < y < 4.0 3.00 ± 0.10 − 2± 0 1 6.000± 0.200 5.196 ± 0.071 7.25/18
4.0 < y < 4.5 2.60 ± 0.10 − 2± 0 1 5.200± 0.200 4.503 ± 0.071 9.06/12
6(d) 1.5 < y < 2.0 3.00 ± 0.10 − 2± 0 1 6.000± 0.200 5.196 ± 0.071 4.47/4
2.0 < y < 2.5 2.95 ± 0.10 − 2± 0 1 5.900± 0.200 5.110 ± 0.083 2.43/4
2.5 < y < 3.0 2.85 ± 0.10 − 2± 0 1 5.700± 0.200 4.936 ± 0.082 3.25/4
3.0 < y < 3.5 2.75 ± 0.10 − 2± 0 1 5.500± 0.200 4.763 ± 0.081 3.64/4
3.5 < y < 4.0 2.60 ± 0.10 − 2± 0 1 5.200± 0.200 4.503 ± 0.071 4.52/3
6(e) 2.0 < y < 2.5 3.25 ± 0.10 − 2± 0 1 6.500± 0.200 5.629 ± 0.071 18.79/21
2.5 < y < 3.0 3.00 ± 0.10 − 2± 0 1 6.000± 0.200 5.196 ± 0.071 17.87/22
3.0 < y < 3.5 2.80 ± 0.10 − 2± 0 1 5.600± 0.200 4.850 ± 0.071 18.85/21
3.5 < y < 4.0 2.75 ± 0.10 − 2± 0 1 5.500± 0.200 4.763 ± 0.071 16.42/19
4.0 < y < 4.5 2.70 ± 0.10 − 2± 0 1 5.400± 0.200 4.677 ± 0.071 11.03/13
6(f) 2.0 < y < 2.5 3.35 ± 0.10 − 2± 0 1 6.700± 0.200 5.802 ± 0.071 17.71/21
2.5 < y < 3.0 3.30 ± 0.10 − 2± 0 1 6.600± 0.200 5.716 ± 0.071 23.75/22
3.0 < y < 3.5 3.20 ± 0.10 − 2± 0 1 6.400± 0.200 5.543 ± 0.071 16.94/21
3.5 < y < 4.0 3.10 ± 0.10 − 2± 0 1 6.200± 0.200 5.369 ± 0.071 20.21/19
4.0 < y < 4.5 3.00 ± 0.10 − 2± 0 1 6.000± 0.200 5.196 ± 0.071 10.58/13
6(g) 2.0 < y < 2.5 3.80 ± 0.10 − 2± 0 1 7.600± 0.200 6.582 ± 0.071 13.87/21
2.5 < y < 3.0 3.60 ± 0.10 − 2± 0 1 7.200± 0.200 6.235 ± 0.071 14.69/22
3.0 < y < 3.5 3.50 ± 0.10 − 2± 0 1 7.000± 0.200 6.062 ± 0.071 12.10/21
3.5 < y < 4.0 3.30 ± 0.10 − 2± 0 1 6.600± 0.200 5.716 ± 0.071 16.61/19
4.0 < y < 4.5 3.20 ± 0.10 − 2± 0 1 6.400± 0.200 5.543 ± 0.071 11.17/13
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Table A2. Values of p0, n0, and χ
2/ndof corresponding to the dashed curves in Figs. 1 and 2, as well as values of T , n, and χ2/ndof
corresponding to the dotted curves in Figs. 1 and 2.
Figure Main selection p0 (GeV/c) n0 χ
2/ndof T (GeV) n χ2/ndof
1(a) 0–20% 6.20± 0.50 7.80± 0.50 1.07/− 0.39± 0.02 5.70± 1.00 0.80/−
20–40% 6.10± 0.50 7.90± 0.50 2.11/− 0.37± 0.02 6.00± 1.00 1.01/−
40–60% 5.95± 0.50 8.05± 0.50 0.23/− 0.36± 0.02 6.20± 1.00 1.11/−
0–60% 6.00± 0.50 8.00± 0.50 0.59/− 0.37± 0.02 6.00± 1.00 0.44/−
1(b) 0–20% 6.60± 0.50 8.00± 0.50 3.00/− 0.41± 0.02 5.90± 1.00 1.40/−
20–40% 6.50± 0.50 8.10± 0.50 1.73/− 0.39± 0.02 6.20± 1.00 1.07/−
40–60% 6.35± 0.50 8.25± 0.50 2.16/− 0.38± 0.02 6.30± 1.00 0.78/−
0–60% 6.40± 0.30 8.20± 0.30 2.94/− 0.39± 0.02 6.20± 1.00 1.37/−
1(c) 0–20% 7.00± 0.50 9.30± 0.50 2.36/2 0.43± 0.02 6.10± 1.00 0.84/2
20–40% 6.80± 0.20 9.50± 0.20 4.43/2 0.40± 0.02 6.30± 1.00 1.86/2
40–60% 6.70± 0.50 9.60± 0.50 3.85/2 0.39± 0.02 6.40± 1.00 1.46/2
0–60% 6.80± 0.50 9.50± 0.50 3.86/2 0.40± 0.02 6.30± 1.00 0.41/2
1(d) Full cross section 6.80± 0.30 11.50 ± 0.30 35.57/16 0.44± 0.02 8.00± 0.20 24.30/16
Fiducial cross section 7.00± 0.30 11.00 ± 0.30 70.35/16 0.47± 0.01 7.50± 0.20 54.75/16
1(e) Full cross section 7.50± 0.50 11.70 ± 1.00 11.89/2 0.45± 0.02 8.10± 1.00 2.22/2
Fiducial cross section 8.00± 0.30 11.20 ± 0.50 4.31/2 0.50± 0.03 7.60± 1.00 10.25/2
1(f) 1.8 TeV 8.10± 0.30 11.80 ± 0.30 4.87/8 0.55± 0.02 8.50± 0.20 4.20/8
1.96 TeV 8.20± 0.30 12.00 ± 0.50 26.09/21 0.57± 0.03 8.90± 0.50 21.40/21
1(g) 0–20% 12.40± 0.50 11.50 ± 0.50 217.00/10 0.53± 0.05 11.50± 2.00 11.31/10
20–40% 12.20± 0.50 11.80 ± 0.50 90.75/10 0.52± 0.05 11.60± 2.00 10.92/10
40–90% 12.00± 0.50 12.00 ± 0.50 41.80/10 0.52± 0.05 11.65± 2.00 15.71/10
2(a) 1.5 < y < 2.0 13.00± 0.50 12.50 ± 0.50 8.97/5 0.85± 0.05 10.00± 2.00 2.16/5
2.0 < y < 2.5 12.90± 0.50 12.60 ± 0.50 8.52/5 0.84± 0.05 10.50± 2.00 2.66/5
2.5 < y < 3.0 12.60± 0.50 12.90 ± 0.50 5.91/5 0.83± 0.05 11.00± 2.00 2.46/5
3.0 < y < 3.5 12.40± 0.50 13.10 ± 0.50 5.91/5 0.82± 0.05 11.50± 2.00 3.10/5
3.5 < y < 4.0 12.10± 0.50 13.50 ± 0.50 5.85/5 0.80± 0.05 12.50± 2.00 3.61/5
2(b) 1.5 < y < 2.0 14.50± 0.50 12.00 ± 0.50 3.10/5 1.00± 0.10 9.50± 2.00 3.65/5
2.0 < y < 2.5 14.40± 0.50 12.10 ± 0.50 3.75/5 0.98± 0.05 9.70± 2.00 3.62/5
2.5 < y < 3.0 14.30± 0.50 12.20 ± 0.50 6.39/5 0.95± 0.05 10.00± 2.00 4.60/5
3.0 < y < 3.5 14.10± 0.50 12.40 ± 0.50 6.75/5 0.93± 0.05 10.20± 2.00 6.60/5
3.5 < y < 4.0 13.50± 0.50 13.00 ± 0.50 11.66/5 0.87± 0.05 11.00± 2.00 5.21/5
2(c) 2.0 < y < 2.5 13.50± 0.50 14.00 ± 0.50 8.91/11 0.85± 0.05 12.50± 2.00 7.93/11
2.5 < y < 3.0 13.30± 0.50 14.20 ± 0.50 8.66/11 0.84± 0.05 13.00± 2.00 9.52/11
3.0 < y < 3.5 13.00± 0.50 14.40 ± 0.50 8.41/11 0.82± 0.05 14.00± 2.00 9.55/11
3.5 < y < 4.0 12.60± 0.50 14.80 ± 0.50 8.30/10 0.80± 0.05 15.00± 2.00 8.99/10
4.0 < y < 4.5 12.20± 0.50 15.00 ± 0.50 7.80/8 0.74± 0.05 16.00± 2.00 4.91/8
2(d) 2.0 < y < 2.5 15.00± 0.50 13.00 ± 0.50 3.19/11 1.02± 0.05 11.00± 2.00 5.85/11
2.5 < y < 3.0 14.80± 0.50 13.20 ± 0.50 4.93/11 1.00± 0.05 11.50± 2.00 6.44/11
3.0 < y < 3.5 14.30± 0.50 13.50 ± 0.50 5.32/11 0.98± 0.05 12.00± 2.00 5.98/11
3.5 < y < 4.0 14.10± 0.50 14.00 ± 0.50 8.86/10 0.93± 0.05 13.00± 2.00 6.55/10
4.0 < y < 4.5 14.00± 0.50 14.20 ± 0.50 9.91/8 0.90± 0.05 13.50± 2.00 5.26/8
2(e) 2.0 < y < 2.5 13.70± 0.50 14.20 ± 0.50 10.12/11 0.88± 0.05 13.00± 2.00 7.17/11
2.5 < y < 3.0 13.50± 0.50 14.40 ± 0.50 5.75/11 0.87± 0.05 13.50± 2.00 8.75/11
3.0 < y < 3.5 13.30± 0.50 14.60 ± 0.50 5.78/11 0.86± 0.05 14.00± 2.00 8.16/11
3.5 < y < 4.0 13.10± 0.50 14.80 ± 0.50 8.76/11 0.84± 0.05 15.00± 2.00 10.56/11
4.0 < y < 4.5 12.50± 0.50 15.20 ± 0.50 9.92/11 0.77± 0.05 16.50± 2.00 7.25/11
2(f) 2.0 < y < 2.5 15.60± 0.50 13.10 ± 0.50 5.45/11 1.07± 0.05 11.50± 2.00 5.17/11
2.5 < y < 3.0 15.40± 0.50 13.30 ± 0.50 8.64/11 1.05± 0.05 12.00± 2.00 6.79/11
3.0 < y < 3.5 15.00± 0.50 13.70 ± 0.50 5.17/11 1.02± 0.05 12.50± 2.00 7.16/11
3.5 < y < 4.0 14.70± 0.50 14.10 ± 0.50 11.56/11 0.98± 0.05 13.50± 2.00 7.07/11
4.0 < y < 4.5 14.20± 0.50 14.40 ± 0.50 9.57/11 0.93± 0.05 14.00± 2.00 5.81/11
2(g) 2.0 < y < 2.5 15.30± 0.50 14.80 ± 0.50 9.38/11 0.93± 0.05 14.00± 2.00 6.16/11
2.5 < y < 3.0 15.20± 0.50 14.90 ± 0.50 8.95/11 0.91± 0.05 14.50± 2.00 8.12/11
3.0 < y < 3.5 15.00± 0.50 15.00 ± 0.50 7.32/11 0.89± 0.05 14.80± 2.00 9.17/11
3.5 < y < 4.0 14.40± 0.50 15.30 ± 0.50 11.22/11 0.86± 0.05 15.30± 2.00 9.72/11
4.0 < y < 4.5 14.20± 0.50 15.40 ± 0.50 8.86/11 0.84± 0.05 16.80± 2.00 13.48/11
2(h) 2.0 < y < 2.5 18.00± 0.50 13.80 ± 0.50 10.77/11 1.20± 0.10 12.00± 2.00 8.03/11
2.5 < y < 3.0 17.80± 0.50 13.90 ± 0.50 5.92/11 1.15± 0.10 12.50± 2.00 8.62/11
3.0 < y < 3.5 17.60± 0.50 14.00 ± 0.50 8.20/11 1.12± 0.10 12.80± 2.00 10.17/11
3.5 < y < 4.0 16.50± 0.50 14.40 ± 0.50 9.56/11 1.05± 0.10 14.20± 2.00 8.75/11
4.0 < y < 4.5 15.50± 0.50 14.60 ± 0.50 13.83/11 1.00± 0.05 14.70± 2.00 10.58/11
22
Table A2. Continued. Values of p0, n0, and χ
2/ndof corresponding to the dashed curves in Figs. 3 and 4, as well as values of T , n, and
χ2/ndof corresponding to the dotted curves in Figs. 3 and 4. The parameter values in the first (second) row in each panel for Fig. 4(d) is for
the first (second) component, where * denotes kH and ** denotes kL. In other cases only the single component is used.
Figure Main selection p0 (GeV/c) n0 χ
2/ndof T (GeV) n χ2/ndof
3(a) 1.8 TeV 9.00± 0.50 12.10± 0.50 4.00/2 0.65± 0.05 9.00± 1.00 5.50/2
1.96 TeV 10.30± 0.50 12.20± 0.50 17.50/22 0.75± 0.05 9.30± 1.00 9.99/22
3(b) Inclusive ψ(2S) 14.10± 0.50 13.10± 0.50 19.96/2 1.07± 0.10 12.30± 2.00 4.51/2
Prompt ψ(2S) 14.20± 0.50 13.00± 0.50 10.43/2 1.10± 0.10 12.00± 1.00 2.36/2
ψ(2S) from b 14.30± 0.50 12.80± 0.50 15.75/2 1.13± 0.10 11.70± 2.00 7.59/2
3(c) 0.00 < |y| < 0.75 14.50± 0.50 13.50± 0.50 7.75/2 1.16± 0.10 12.80± 1.00 7.00/2
0.75 < |y| < 1.50 14.30± 0.50 13.60± 0.50 5.14/2 1.14± 0.10 13.00± 1.00 3.22/2
1.50 < |y| < 2.00 14.10± 0.50 13.70± 0.50 3.14/2 1.12± 0.10 13.20± 1.00 3.14/2
3(d) 0.00 < |y| < 0.75 16.00± 0.50 13.00± 0.50 6.25/2 1.32± 0.10 12.50± 1.00 4.33/2
0.75 < |y| < 1.50 15.90± 0.50 13.10± 0.50 9.89/2 1.31± 0.10 12.60± 1.00 7.39/2
1.50 < |y| < 2.00 15.80± 0.50 13.20± 0.50 11.25/2 1.30± 0.10 12.70± 1.00 10.25/2
3(e) 0 < |y| < 0.9 15.50± 0.50 11.20± 0.50 2.00/− 1.50± 0.05 12.00± 1.00 2.21/−
0.9 < |y| < 1.5 15.30± 0.50 11.30± 0.50 1.85/− 1.48± 0.05 12.20± 1.00 2.69/−
1.5 < |y| < 1.93 15.10± 0.50 11.40± 0.50 2.75/− 1.45± 0.05 12.50± 1.00 3.50/−
1.93 < |y| < 2.4 14.90± 0.50 11.50± 0.50 3.50/− 1.42± 0.05 12.70± 1.00 4.84/−
3(f) |y| < 1.2 16.00± 0.50 14.50± 0.50 2.39/6 1.50± 0.10 14.50± 1.00 3.39/6
1.2 < |y| < 1.6 15.50± 0.50 14.80± 0.50 3.80/4 1.38± 0.10 15.00± 1.00 6.67/4
1.6 < |y| < 2.4 15.00± 0.50 15.10± 0.50 2.10/4 1.28± 0.10 15.50± 1.00 3.64/4
3(g) |y| < 1.2 18.00± 0.50 13.00± 0.50 4.17/6 1.65± 0.05 14.00± 1.00 3.98/6
1.2 < |y| < 1.6 17.00± 0.50 13.50± 0.50 4.23/4 1.57± 0.05 14.50± 1.00 4.86/4
1.6 < |y| < 2.4 16.00± 0.50 14.00± 0.50 3.49/4 1.50± 0.05 15.00± 1.00 2.89/4
4(a) |y| < 0.75 25.00± 0.50 14.00± 0.50 6.84/7 1.85± 0.05 14.00± 1.00 7.88/7
0.75 < |y| < 1.5 24.60± 0.50 14.20± 0.50 6.81/7 1.82± 0.05 14.30± 1.00 7.69/7
1.5 < |y| < 2.0 24.20± 0.50 14.40± 0.50 6.64/7 1.79± 0.10 14.60± 1.00 6.67/7
4(b) |y| < 0.75 25.50± 0.50 12.50± 0.50 7.78/7 2.20± 0.10 13.00± 1.00 8.77/7
0.75 < |y| < 1.5 25.30± 0.50 12.60± 0.50 5.70/7 2.10± 0.10 13.20± 1.00 8.45/7
1.5 < |y| < 2.0 24.50± 0.50 13.00± 0.50 8.56/7 2.00± 0.10 13.40± 1.00 7.03/7
4(c) Prompt ψ(2S) 26.00± 0.50 14.60± 0.50 16.25/2 1.90± 0.05 14.50± 1.00 17.27/2
Non-prompt ψ(2S) 26.50± 0.50 13.00± 0.50 9.40/2 2.30± 0.10 13.50± 1.00 8.59/2
4(d) 0.0 < |y| < 0.3 35.00± 1.00 18.00± 1.00 0.80± 0.05* 2.35± 0.20 18.00± 2.00 0.75± 0.05**
20.00± 1.00 9.00± 0.50 3.94/3 2.35± 0.10 8.40± 0.50 4.17/3
0.3 < |y| < 0.6 34.50± 1.00 18.50± 1.00 0.80± 0.05* 2.30± 0.20 18.50± 2.00 0.75± 0.05**
20.00± 1.00 9.00± 0.20 4.08/3 2.30± 0.10 8.20± 0.50 4.47/3
0.6 < |y| < 0.9 34.00± 1.00 19.00± 1.00 0.80± 0.05* 2.25± 0.20 19.00± 2.00 0.75± 0.05**
20.00± 1.00 9.00± 0.20 7.50/3 2.25± 0.10 8.00± 0.50 6.95/3
0.9 < |y| < 1.2 33.50± 1.00 19.50± 1.00 0.80± 0.05* 2.20± 0.20 19.50± 2.00 0.75± 0.05**
20.00± 1.00 9.00± 0.20 9.81/3 2.20± 0.10 7.80± 0.30 6.12/3
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Table A2. Continued. Values of p0, n0, and χ
2/ndof corresponding to the dashed curves in Figs. 5 and 6, as well as values of T , n, and
χ2/ndof corresponding to the dotted curves in Figs. 5 and 6.
Figure Main selection p0 (GeV/c) n0 χ
2/ndof T (GeV) n χ2/ndof
5(a) Υ(1S) 24.00± 1.00 12.50± 1.00 56.89/11 1.60± 0.10 9.50± 2.00 21.67/11
Υ(2S) 26.00± 2.00 12.70± 1.00 9.75/6 1.75± 0.10 9.70± 2.00 7.50/6
Υ(3S) 28.00± 2.00 12.90± 1.00 14.97/6 1.85± 0.10 10.50 ± 2.00 7.43/6
5(b) Υ(1S) 27.00± 2.00 12.70± 1.00 39.17/3 1.65± 0.10 11.00 ± 2.00 9.54/3
Υ(2S) 28.00± 2.00 12.80± 1.00 4.76/3 1.90± 0.10 11.50 ± 2.00 4.53/3
Υ(3S) 29.00± 2.00 12.90± 1.00 2.73/3 2.00± 0.10 12.00 ± 2.00 2.90/3
5(c) Υ(1S) 29.00± 2.00 12.90± 1.00 6.60/3 2.20± 0.20 16.00 ± 2.00 5.39/3
Υ(2S) 33.00± 2.00 13.00± 1.00 6.64/− 2.50± 0.20 16.30 ± 2.00 6.69/−
Υ(3S) 34.00± 2.00 13.20± 1.00 11.25/− 2.60± 0.20 16.50 ± 2.00 11.50/−
5(d) 2.0 < y < 2.5 31.00± 2.00 15.00± 1.00 11.65/21 2.30± 0.20 19.00 ± 2.00 7.17/21
2.5 < y < 3.0 30.50± 2.00 15.50± 1.00 9.45/21 2.20± 0.20 20.00 ± 2.00 9.48/21
3.0 < y < 3.5 30.00± 2.00 16.00± 1.00 7.89/21 2.10± 0.20 21.00 ± 2.00 6.39/21
3.5 < y < 4.0 29.50± 2.00 16.50± 1.00 10.06/18 1.95± 0.20 23.00 ± 2.00 8.07/18
4.0 < y < 4.5 28.50± 2.00 17.50± 1.00 9.64/12 1.80± 0.20 25.00 ± 2.00 7.98/12
5(e) 2.0 < y < 2.5 36.00± 2.00 15.20± 1.00 15.98/21 2.60± 0.20 20.00 ± 2.00 13.23/21
2.5 < y < 3.0 35.50± 2.00 15.70± 1.00 8.34/21 2.50± 0.20 21.00 ± 2.00 10.26/21
3.0 < y < 3.5 35.20± 2.00 16.20± 1.00 12.84/21 2.40± 0.20 22.00 ± 2.00 9.34/21
3.5 < y < 4.0 34.30± 1.00 17.00± 0.50 10.64/18 2.10± 0.20 24.00 ± 2.00 8.31/18
4.0 < y < 4.5 31.00± 1.00 17.50± 0.50 14.06/12 1.90± 0.20 26.00 ± 2.00 11.34/12
5(f) 2.0 < y < 2.5 40.00± 2.00 15.50± 1.00 14.73/21 2.70± 0.20 21.00 ± 2.00 15.45/21
2.5 < y < 3.0 39.50± 2.00 16.00± 1.00 10.85/21 2.60± 0.20 22.00 ± 2.00 7.95/21
3.0 < y < 3.5 39.00± 2.00 16.50± 1.00 12.37/21 2.50± 0.20 23.00 ± 2.00 6.78/21
3.5 < y < 4.0 38.50± 2.00 17.80± 1.00 14.56/18 2.30± 0.20 25.00 ± 2.00 8.31/18
4.0 < y < 4.5 37.00± 2.00 18.30± 1.00 11.37/12 2.10± 0.20 26.50 ± 2.00 7.53/12
6(a) 2.0 < y < 2.5 32.00± 2.00 15.50± 1.00 14.23/21 2.35± 0.20 22.00 ± 2.00 9.12/21
2.5 < y < 3.0 31.50± 2.00 16.00± 1.00 7.53/21 2.25± 0.20 23.00 ± 2.00 14.76/21
3.0 < y < 3.5 31.00± 2.00 16.50± 1.00 12.33/21 2.15± 0.10 24.00 ± 2.00 7.44/21
3.5 < y < 4.0 30.50± 2.00 17.00± 1.00 8.72/18 2.05± 0.10 25.00 ± 2.00 9.75/18
4.0 < y < 4.5 29.00± 2.00 17.50± 0.50 13.73/12 1.85± 0.10 27.00 ± 2.00 12.03/12
6(b) 2.0 < y < 2.5 38.00± 2.00 16.00± 1.00 16.54/21 2.70± 0.20 24.00 ± 2.00 10.98/21
2.5 < y < 3.0 37.50± 2.00 16.50± 1.00 7.14/21 2.60± 0.10 25.00 ± 2.00 12.54/21
3.0 < y < 3.5 37.00± 2.00 17.00± 1.00 11.25/21 2.50± 0.10 26.00 ± 2.00 8.34/21
3.5 < y < 4.0 36.50± 2.00 17.20± 0.50 10.31/18 2.30± 0.10 27.50 ± 2.00 9.51/18
4.0 < y < 4.5 35.00± 2.00 17.60± 0.50 14.24/12 2.00± 0.10 28.50 ± 2.00 5.67/12
6(c) 2.0 < y < 2.5 44.00± 3.00 16.50± 1.00 15.89/21 2.90± 0.10 25.00 ± 2.00 9.48/21
2.5 < y < 3.0 43.00± 3.00 17.00± 1.00 7.53/21 2.80± 0.20 25.50 ± 2.00 10.68/21
3.0 < y < 3.5 42.00± 3.00 17.50± 1.00 13.59/21 2.70± 0.10 26.50 ± 2.00 7.53/21
3.5 < y < 4.0 41.00± 3.00 18.00± 1.00 12.42/18 2.50± 0.10 28.00 ± 2.00 7.34/18
4.0 < y < 4.5 38.00± 3.00 18.50± 1.00 13.59/12 2.23± 0.10 29.00 ± 2.00 8.31/12
6(d) 1.5 < y < 2.0 34.00± 2.00 15.20± 1.00 5.35/4 2.45± 0.10 22.00 ± 2.00 3.85/4
2.0 < y < 2.5 33.00± 2.00 15.70± 1.00 4.79/4 2.35± 0.10 23.00 ± 2.00 2.20/4
2.5 < y < 3.0 32.50± 2.00 16.00± 1.00 4.25/4 2.25± 0.10 24.00 ± 2.00 2.69/4
3.0 < y < 3.5 32.00± 2.00 16.50± 1.00 6.72/4 2.15± 0.10 25.00 ± 2.00 3.70/4
3.5 < y < 4.0 31.50± 2.00 17.00± 1.00 7.40/3 2.05± 0.10 26.00 ± 2.00 4.40/3
6(e) 2.0 < y < 2.5 37.00± 3.00 16.00± 1.00 16.58/21 2.60± 0.10 26.00 ± 2.00 19.66/21
2.5 < y < 3.0 36.00± 3.00 16.50± 1.00 10.31/22 2.50± 0.10 27.00 ± 2.00 14.83/22
3.0 < y < 3.5 35.00± 2.00 17.00± 0.50 10.28/21 2.40± 0.10 28.00 ± 2.00 13.91/21
3.5 < y < 4.0 34.50± 2.00 17.50± 0.50 13.42/19 2.30± 0.10 29.00 ± 2.00 12.85/19
4.0 < y < 4.5 34.30± 1.00 17.70± 0.50 9.64/13 2.25± 0.10 29.50 ± 2.00 8.53/13
6(f) 2.0 < y < 2.5 41.00± 3.00 16.50± 1.00 20.71/21 2.80± 0.10 29.00 ± 2.00 12.23/21
2.5 < y < 3.0 40.00± 2.00 17.00± 0.50 18.20/22 2.70± 0.10 30.00 ± 2.00 24.00/22
3.0 < y < 3.5 39.50± 2.00 17.20± 0.50 7.92/21 2.65± 0.10 30.50 ± 2.00 8.31/21
3.5 < y < 4.0 39.20± 1.00 17.40± 0.50 16.12/19 2.60± 0.10 31.00 ± 2.00 14.11/19
4.0 < y < 4.5 39.00± 1.00 17.80± 0.50 14.17/13 2.50± 0.10 32.00 ± 2.00 10.81/13
6(g) 2.0 < y < 2.5 47.00± 2.00 17.00± 1.00 16.98/21 3.20± 0.10 30.00 ± 2.00 12.63/21
2.5 < y < 3.0 46.00± 2.00 17.50± 1.00 19.68/22 3.10± 0.10 31.00 ± 2.00 10.16/22
3.0 < y < 3.5 45.50± 2.00 17.70± 0.50 14.69/21 3.00± 0.10 32.00 ± 2.00 10.40/21
3.5 < y < 4.0 45.30± 2.00 18.50± 1.00 15.60/19 2.90± 0.10 33.00 ± 2.00 11.71/19
4.0 < y < 4.5 45.00± 2.00 18.80± 0.50 14.66/13 2.80± 0.10 34.00 ± 2.00 8.86/13
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